The mechanism by which fatty acids enter cardiomyocytes is unclear. Therefore, the influx kinetics of I3HIoleate into isolated rat heart myocytes were examined. 
Introduction
Although fatty acids are the preferred substrates for energy production of the heart, their cellular uptake mechanism is still unclear. The lipophilic character of fatty acids suggests that they might diffuse directly through the phospholipid bilayer of the plasma membrane. However, the recent identification ofa membrane-associated fatty acid transport system in hepatocytes (1) (2) (3) led to the hypothesis that myocardial fatty acid uptake might also be mediated by such a carrier. Therefore, in the present study the influx kinetics of a representative long chain fatty acid, [3H]oleate, into isolated cardiomyocytes was determined to evaluate whether uptake occurs by a passive diffusional process or reveals criteria of a carrier-mediated transport mechanism. Furthermore, it was examined whether myocardial plasma membranes also contain a specific fatty acid binding protein, which mediates the influx of fatty acids into the cells. The identification of such a carrier mediated uptake system could be of biologic significance, since it might represent a site of metabolic and hormonal control of fatty acid metabolism.
X 106 cardiomyocytes/ml, the cell suspensions were immediately used for uptake studies.
The viability of the cell preparations were routinely tested before and after each series of incubation experiments. Morphologic evaluation was performed using a phase-contrast microscope (Zeiss, Oberkochen, West Germany) at magnifications of 50-and 128-fold. The preparations were considered suitable when > 90% of the cells excluded trypan blue and > 70% of these trypan blue negative cells revealed a rod-shaped morphology with a clear transparent stroma and distinct cross striations (6) . Additional criteria for viability were based on the intracellular K+-concentration estimated by atomic absorption spectroscopy, the ATP content (7) , as well as the release oflactate dehydrogenase (LDH)' (8) and creatine phosphokinase (CPK) (9) [3H] oleate were mixed with measured quantities of nonradioactive oleic acid in chloroform, dried under a N2 gas stream, and dissolved in 0.2 ml of0.1 N NaOH. Bovine serum albumin dissolved in incubation medium was added to the oleate/NaOH solution to obtain the desired oleate/albumin molar ratio, the pH was immediately adjusted to 7.4 , and the oleate/albumin solution was diluted to its final working con- centration. In such [3H] oleate/albumin solutions the concentration of unbound fatty acids was calculated by the stepwise equilibrium constant method of Wosilait and Nagy (10), using the dissociation constants for the oleate/albumin complex reported by Spector et al. (1 1) . Cellular uptake of[3H]oleate. 125 ;1 ofthe isolated cardiomyocyte suspension (2 X 106 cells/ml) were incubated with [3H]oleate bound to albumin in polypropylene tubes at a final volume of 1 ml incubation medium (shaking waterbath, 370C). After certain incubation periods 200-IAI sample aliquots were pipetted into 3 ml of an ice-cold 0.5% albumin solution to stop cellular influx and efflux, and to remove surface bound fatty acids. After gentle mixing for 2 min on ice the sample was pipetted onto the center of a GF/C filter (24 mm; Whatman Inc., Clifton, NJ) at a rate equal to the rate of filtration under 50 mmHg vacuum pressure using a filtration apparatus (model 7H; Hoefer Scientific, San Francisco, CA). The cells were washed with 5 ml of the 0.5% albumin solution (40C) and, thereafter, with 20 ml incubation medium. Washing with more of the stop solution did not change the radioactivity remaining on the filter. The filters were placed in scintillation vials, 10 ml of Aquasol were added, and the radioactivity was determined in a 1217 Rackbeta liquid scintillation counter (LKB-Wallac, Turcu, Finland). Nonspecific association of radioactivity to filters and cells was determined for each experimental circumstance by adding the cold stop solution before the addition of corre- (19) . After centrifugation at 100,000 g for 60 min, the detergent was removed with Bio-Beads SM 2 (19) and the solubilized protein mixture was loaded onto an oleate-agarose affinity column, which was prepared by coupling of sodium oleate to AH-Sepharose 4B with l-ethyl-3-(3 dimethylaminopropyl) carbodiimide as previously described (19 (19) . Presence and purity of the antibody was examined by radial double-immunodiffusion on agar plates (22) as well as by immunoblot techniques (23) with the fatty acid binding membrane protein from heart and liver, Triton X-100-solubilized rat heart plasma membranes, whole tissue homogenate of heart and liver, concentrated rat heart cytosolic proteins, rat serum albumin, and whole rat serum. The IgG fraction of the antiserum was prepared by standard techniques (24 20 'C, which markedly reduces Na`/K+-ATPase (27) . For determination of the functional integrity of the cells their uptake competence for glucose, which is known to be actively transported (28) For determination of the actual translocation process of fatty acids across the plasma membranes of cardiomyocytes it is essential to analyze their unidirectional cellular influx rates, which were defined as the maximal and linear initial uptake phases. Therefore, the time course of [3H]oleate uptake at all oleate/albumin molar ratios was examined at 370C. For each oleate/albumin complex it was shown that over the initial 30-s incubation period uptake was maximal and linear, while it gradually decreased thereafter as a result of beginning cellular efflux ( Fig. 1; illustrated Characterization of the isolated sarcolemma fraction. Transmission electron microscopy of the cardiac plasma membrane fraction revealed a homogeneous preparation of vesicular membrane structures with diameters ranging from 0.06 to 0.15 gm. Contaminating membranes from organelles other than plasma membranes were minimal. Accordingly, sarcolemma marker enzymes were significantly enriched in these preparations (Table I) , whereas marker enzyme activities for mitochondria, endoplasmatic reticulum, and lysosomes were not elevated in the plasma membrane fraction compared to the homogenate.
Aliquots of these highly enriched cardiac plasma membrane fractions (100 ,ug protein) were incubated with 4.54 ,M
[3H]oleate bound to albumin in various molar ratios and binding was examined as a function of the calculated unbound oleate concentration in the medium. With increasing unbound oleate concentrations incubated binding to the membranes revealed saturation kinetics with a KD of42.3±7.8 nM (Fig. 3) . Binding was significantly (P < 0.001) reduced after heat denaturation of the membranes as well as after pretreatment of the membranes with trypsin (Fig. 4) . Isolation of a fatty acid binding membrane protein. The demonstration of saturable, trypsin inhibitable binding suggested that high affinity binding is due to an intrinsic membrane protein. This suggestion was pursued by application of 300 mg Triton X-100 solubilized proteins from rat myocardial plasma membranes to affinity chromatography over oleatecoupled agarose. SDS-PAGE of the urea eluate ofthis column revealed a single 40-kD protein (Fig. 5) nates of the heart and liver. No reactivity was observed between this antibody and rat albumin, whole rat serum, and concentrated rat heart and liver cytosol. Immunoblot analysis ofthis antibody in dilutions of 1:1,000 to 1:50 with solubilized plasma membrane proteins and whole tissue homogenates of _w-92. heart and liver identified a single 40-kD protein in all preparations. Identical results were obtained when the antibody to the liver fatty acid binding membrane protein (19) was employed. It indicates that both 40-kD fatty acid binding membrane proteins isolated from liver (19) and heart share antigenic determinants.
By immunofluorescence studies with this monospecific antibody to the myocardial fatty acid binding membrane protein a predominant staining of the plasma membranes of cardiomyocytes, particularly of the intercalated disks was evident (Fig. 6) . Absorption of the antibody with purified antigen or incubation with the preimmune serum abolished the membrane staining pattern. The suggestion that this membrane fatty acid binding protein might also be responsible for the translocation of fatty acids across the plasma membrane into the intracellular space was substantiated, when the effect of the monospecific antibody to this protein on cellular influx kinetics was analyzed.
When oleate influx by cardiomyocytes pretreated with the IgG fraction of the antiserum was compared with that of a control preparation pretreated with the IgG fraction ofthe preimmune serum, a significant inhibition of initial uptake velocity by the antibody was demonstrated. This inhibition was dependent on the concentration ofthe antibody, reaching a maximum at 100 ,Mg IgG/incubation. Studies of influx as a function of the incubated unbound oleate concentration revealed a predominant noncompetitive inhibition of uptake by the anti-fatty acid binding protein (Fig. 8) did not significantly differ (P > 0.05). This indicates that the anti-membrane fatty acid binding protein has no effect on glucose transport, and that the transport competence for glucose is not altered by the IgG pretreatment procedure of the cells.
Discussion
The observation that influx of oleate into isolated cardiomyocytes demonstrates saturation kinetics and temperature dependency is compatible with the hypothesis of a membrane carrier-mediated uptake mechanism. A saturable transport component of myocardial fatty acid uptake was already proposed by earlier studies of Samuel et al. (36) hepatocytes (2, 3) . The Km appears to be well above the physiologic concentration of unbound fatty acids in the plasma (10, 1 1) . Based on estimations of cellular fatty acid metabolism in isolated cardiomyocytes (39) and the perfused heart (40), the Vm. value determined here provides a sufficient reserve capacity for fatty acid influx to meet the energy requirement ofcardiomyocytes, even under excercise conditions.
The suggestion of a membrane carrier-mediated uptake system was further substantiated by identification of high affinity membrane binding sites for fatty acids (KD 42 nM). Moreover, a single specific membrane protein with high affinity to various long chain fatty acids was isolated. This 40-kD protein shares antigenic determinants with the liver fatty acid binding protein (19) . However, whether these are in fact identical proteins or just related, similar to the different cytosolic fatty acid binding proteins isolated from liver and heart (41, 42) , remains to be established. The The driving forces mediating the cellular entry of fatty acids in cardiomyocytes are still unclear. Similar to hepatocellular fatty acid uptake it could be assumed that fatty acid transport across myocardial plasma membranes might also be driven by an active, Na'-dependent, potential-sensitive translocation process, which was established in studies with basolateral rat liver plasma membrane vesicles ( 18) . In fact, pretreatment of cardiomyocytes with 2 mM ouabain, which is known to inhibit the Na+/K+-ATPase, reduced cellular influx of oleate by 38%, suggesting that uptake might be linked to the activity of this enzyme maintaining the physiologic transmembrane Na+/K+-gradient. However, in the experimental system of isolated cardiomyocytes a more direct evaluation of the effect of Na depletion on the initial rate of cellular fatty acid uptake was unsuccessful due to a significant drop in cell viability after exposure to a Na-free incubation medium. Therefore, uptake studies with isolated plasma membrane vesicles of cardiomyocytes are planned.
